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suMMARY

Measurement of the jet thrust of a turbojet engine in flight be-
q comes more difftcult as the number and complexity of the engine com-

ponents increase. It is desirable, therefore, that a general corre-
~ lation of jet thrust be developed which is applicable to a simple direct9

reading thrustmeter. In view of this need a correlation is presented
which is independent of flight conditions and applicable to both non-

. afterburning and sfterburning engines equipped with nonejector type
fixed- and variable-area convergent exhaust nozzles.

The general equation used in this correlation was derived from the
theoretical jet-thrust equation for a choked convergent nozzle. The
data used to verify the correlation were obtained over a range of alti-
tudes from 10,000 to 54,000 feet and a range of flight Mach numbers
from 0.4 to 1.1. A tbrustmeter based on this equation was installed on
an sf’terburningturbojet engine equipped with a fixed-area convergent
efiaust nozzle. The results indicated that a meter based on this corre-
lation would be applicable to a flight installation and that the prob-
able error in thrust measurement would be approximately &L.5 percent
provided the exhaust-nozzle thrust coefficient is known.

INTRODUCTION

Because of the increasing nuniberof variable components in a turbo-
jet engine that add to the complexity of operation and control, there
is a need for an accurate and direct indication of jet thrust in flight
installations. A simple instrument that would enable the pilot to dis-
pense with the present system of estimating the thrust output of the
engine by the use of engine speed and tail-pipe temperature is desired.
An-instr&ent of this
test installations in.

A thrustmeter to
built by Hesse (refs..

tfie would also be useful in flight or production
which instrumentation must be minimized.

be used in flight installations was designed and
1 and 2) and is based on a correlation of jet
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thrust and e~ust-nozzle pressure drop for a nonafterburning engine
equipped with a fixed-area e~aust nozzle. The investigation reported
herein extends the work reported in references 1 and 2 and puts it on
a mre general basis through a modification of the correlation presented
by Hesss. The modified correlation reported herein results in a gen-
eralization of jet thrust which is independent of the flight condition
and applicable to nonafterburning end afterburning engines equipped with
either fixed or continuously variable area exhaust nozzles. The corre-
lation applies, however, only to engines equipped with convergent exhaust
nozzles that sre choked at the nozzle outlet.

Data for this investigationwere obtained in the I’JACALewis alti-
tude chsm.ibersover a range of altitudes from 10,000 to 54,000 feet and
a range of flight Mach numbers from 0.4 to 1.1. Data from two after-
burning and two nonafterburning engines, all of which were equi~ed
with convergent exhaust nozzles, are presented herein.

—

ANALYSIS

The general jet-thrust equation, upon which the jet-thrust corre-
lation presented herein is
synibob-in the appendix):

‘j)i

or

based, is derived as follows (see list of

‘~vn ‘~(Pn - PO}

Fj,i = T~Pn~2 ‘&(Pn - PO)

For critical flow in the nozzle,

T

()
m

l&=l.O and pn=
2

P9 ~

substituting equations (3] into equation (2] ud rearranging yield

(2)

(3)

*=4?+$+’4+R=“ “4+$’,-‘0
(4)

.
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For a range of temperatures from MOO 0 to 4000° R and a range of
fuel-air ratios from 0.02 to stoichiometric, the corresponding range of
specific-heat
becomes .

ratios is from 1.25 to 1.34. For Y = 1.25 equation (4]

‘*=1.2=9-p.
CN

~ and for T = 1.34 equation (4) becomes

Because a small variation of the constant in the thrust equation results
from the wide range of-specific-heat ratios, a constant value may be
employed. The following thrust equation till.be used in this report:

‘y. 1.254-p. (5)

Equation
in the sctual
retical value

(5) defines the theoretical value of jet thrust. However,
case, the measured jet thrust will be less than the theo-
because: (1) The flow area at the vena contracta is less

than the measured exhaust-nozzle area, sad (2] the actual jet velocity
is less than the ideal jet velocity. Therefore, if the ratio of actual
to theoretical jet thrust (Cj] is incorporated in eq~tion (5] the work-

ing correlation equation becomes

‘j,m =CFj j,i= ~jA.#”2=9 - PO)

or

F
-= Cj(l.2sP9 - Po)
An

(6)

(7)

The value 1.2~9 - po, which will be referred to as the “nozzle

pressure-drop parameter,” was calculated for all.engines; and the meas-
ured jet thrust was correlated with this psrameter.

.

.
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Test Installations
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The turbojet engines which are designated A, C, and D were installed
in a Lewis altitude test chamber. A schematic diagrsm of a typical
engine installation in an altitude chamber is shown in figure l(a).
Jet thrust of the engine was measured with a null-type air-balanced
diaphragm. m

9
Turbojet engine B was installed in the Letis altitude wind tunnel.

w

Atypical wind-tunnel installation is shown in figure l(b). The engine
was mounted on a wing section with a ram pipe attached to the engine
inlet. Jet thrust was measured with the tunnel balance-scale system.
A listing of the engines and efiaust nozzlE% investigated is presented
in the following table:

Engine Jet thrust class, Eihaust nozzle
lb *

A 5000 Fixed conical
B 7000 Fixed conical
c 5000 + augmentation Two-position clam shell
D 5000 + augmentation Continuously vexiable

clam shell I
Instrumentation

Engine-inlet total-temperature and -pressure rskes together with
e~aust-nozzle-lip static-pressureprobes were installed to determine
flight conditions. A ram recovery factor of 100 percent was assumed.
Water-cooled efiaust-nozzle-inlettotal-pressure rskes were installed
in each engine. The locations of the instrumentation stations are
shown in figure l(a).

Thrustmeter

A thrustmeter, incorporatingthe nozzle pressure-drop parameter,
was designed and installed to measure the jet thrust of an afterburning
turbojet engine which was equipped with a fixed-area exhaust nozzle and
under investigation in a Lewis altitude chsmber. A schematic diagram
of the thrustmeter is shown in figure 2. Total-pressure instrumenta-
tion was located at station 5 because of the high temperatures en-
countered at station 9 during afterburning operation. The pressure
relay was set to ad@st P5 to equal 1.25P9. A further description

of the details of the thrustmeter is given subsequently. A sketch of
the integrating total-pressure rske used in conjunction wtth the thrust-
meter is also shown in figure 2. *

.

—
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Jet-Thrust Correlation
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Inspection of the jet-thrust equation (7) indicates that for engines
equipped with fixed-area efiaust nozzles, a correlation of jet thrust
with the nozzle pressure-drop parsmeter shouldhe possible for all
flight conditions provided the e-aust nozzle is choked and the nozzle
thrust coefficient is essentially constant.

The correlation of jet thrust with the nozzle pressure-drop psram-
eter is shown in figure 3 for engines A and B on which fixed-areay
convergent, conical efiaust nozzles were installed. It is evident that
jet thrust generalizes for all flight conditio~~ and mreover that the
relationship between nozzle pressure-drop peramb~er and thrust is
linesr. The Jet-thrust equation defines the S1OPF of the curve as
being equal to the product of the measured area ol?~e e-aust nozzle
and the nozzle thrust coefficient. The thrust coefficients for the

b exhaust nozzles of engines A and B are 0.98 and 0.97, respectively.
A comparison of these correlations with those presented in refer-
ences 1 and 2 reveals that the use of the nozzle pressure-drop param-

. eter (1.25p9 - po) in place on the nozzle pressure drop (P9 - PO)

eliminates the need for an altitude correction.

Engine C was normally equi.ppedwith a two-position clam-shell-type
exhaust nozzle to facilitate both afterburning end nonafterburning
operation. However, during the investigation of engine C, two fixed-
srea, conical exhaust nozzles, which simulated the two-position nozzle,
were used for the two males of operation. From the jet-thrust equation,

‘J,m = Cj~(l.25P9 - Po]) it iS evident that a change in exhaust-nozzle
srea would result in a change in the slope of the thrust curve. The
jet-thrust correlation for engine C (fig. 4] indicates that opening
the eihaust nozzle for afterlxmning operation increased the slope of
the thrust curve.

A comparison of engines A, B, and C on the basis of jet thrust
per unit of measured exhaust-nozzle area correlated with nozzle pressure-
drop parameter is shown in figure 5. When the data are plotted in this
manner, the slope of each curve is numerically equal to the thrust coef-
ficient. The data for all the nozzles fall within +2 percent of a mean
line with a slope of 0.97.

This generalization readily lends itself for application to engines
equipped with continuously variable area exhaust nozzles. A correla-

. tion of jet thrust per unit of measured exhaust-nozzle area for engine
D, equipped with a vsriable-srea clam-shell-type efiaust nozzle, re-
sulted in a generalization of jet thrust for all flight conditions as

. shown in figure 6. The slope of the thrust curve is equal to the
thrust coefficient, which in this case is 0.95.
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Application of Correlation to Flight

The maintenance of instrumentation at the
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exhaust-nozzle inlet is
difficult during afterburning operation of a turbojet engine because
of the high temperatures encountered. However, it has been found that
the correlation of jet thrust with nozzle pressure-drop psrameter
(1.25P9 - PO) can also be obtained,by the substitution of turbine-outlet
total pressure (P5] and the afterburner total-pressure loss for the
exhaust-nozzle-inlettotal pressure. Of course, the total-pressure
loss associated with afterburner operation would have to be determined
from a calibration of the engine. Because a pressure multiplying
device is a necessary part of any thrustmeter incorporating the noz-
zle pressure-drop parameter, the afterburner total-pressure loss can be
readily included by adjusting the pressure multiplier such that its
output is 1.25P9 when its input is p5. For efficient afterburning
in a turbo~et engine equipped with a two-position exhaust nozzle, burn-
ing is restricted to a narrow range of fuel-air ratiosj and, for this
case, a constant afterburner total-pressure-loss correction may be
employed without appreciably affecting the accuracy of the data. How- S
ever, on an engine equipped with a continuously variable area exhaust
nozzle, a wide range of afterburner fuel-air ratios may be encountered;
and the variation of afterburner total-pressure loss with fuel-air b

ratio or exhaust-nozzle srea ratio must be considered. For engine D,
figure 7 shows the afterburner total-pressure loss as a function of the
ratio of measured to maximum exhaust-nozzle area. Since a thrustmeter
for an engine equipped with a continuously variable area exhaust nozzle
would always require an area correction, the variation of afterburner
total-pressure loss with area ratio could also be readily incorporated
into the system. If, for the case illustrated, a constant value of
afterburner total-pressure loss of 0.076 was assumed, an additional
error of +2 percent would be introduced into the thrust measurement by
the variation of the burner total-pressure loss with nozzle area ratio.

A thrust meter utilizing the nozzle pressure-drop parameter was
installed on an afterburning turbojet engine equipped with a fixed-
area conical etiaust nozzle. The total-pressure survey was taken at
the turbine outlet instead of at the exhaust-nozzle inlet. The turbine-
outlet total pressure (P5] was then adjusted to the exhaust-nozzle-
inlet total pressure (P9) by taking the afterburner total-pressure loss

—

into account with the pressure multiplier. A constant value of 12 per-
cent total-pressure loss in the afterburner was assumed and, thus,
Pg = 0.88P5. The e~aust-nozzle-outlet static pressure was measured
with a nozzle-lip static probe.

The jet thrust measured with the altitude-chamberthrust scale and w

the value indicated by the thrustmeter are compared in figure 8. The
majority of the data fall within =.5 percent of a mean line. The slope
of the line, whlc~ for this case defines the thrust coefficient of the

.
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exhaust nozzle, is 0.95. The data indicate that, if the thrust coeffi-
cient can be accurately determined from an engine calibration, a value
of jet thrust could be obtained by means of a thrustmeter within
+1.5 percent. 3X it is not possible to calibrate the exhaust nozzle,
a close approximation of the thrust coefficient could be obtained from
previously compiled data on simi.lsrexhaust nozzles. However, if a high
degree of accuracy is not required, a mean value of thrust coefficient
of 0.97 can be assumed with an expected accuracy of+3 percent of jet
thrust.

CONCLUDING RIMARKS

The correlation of jet thrust with an efiaust-nozzle pressure-drop
parameter resulted in a linear generalization of jet tlrrustfor all
flight conditions. Jet thrust per unit of measured exhaust-nozzle area
was correlated with the nozzle pressure-drop parameter, and a single
generalization w-obtained for all the fixed- and variable-srea con-
vergent exhaust nozzles investigated.

A thrustmeter incorporating the nozzle pressure-drop parameter
was installed on an afterburning turbojet engine (equipped with a
fixed-area convergent exhaust nozzle) which was under investigation
in a Lewis altitude chauiber. Because of the difficulty in maintain-
ing instrumentation at the exhaust-nozzle inlet during afterburning
operation in a flight installation, the efiaust-nozzle-inlettotal
pressure was replaced by the turbine-outlet total pressure and the
afterburner total-pressure loss. The results of this investigation
indicate that a meter of this type would be applicable to flight
installations and that the probable error in thrust measurement would
be approximately Q.5 percent provided an accurate value of the nozzle
thrust coefficient could be obtained.

Lewts Flight Propulsion Laboratory
National Advisory Committee for Aeronautics

Cleveland, Ohio, November 4, 1953

.
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AI’PENDIX- SYMBOLS

The following symbols are used in this report:

area, sq ft

jet thrust coefficient

jet thrust, lb

acceleration due to gravity, ft/sec2

Mach number

total pressure, lb/sq ft

static pressure, lb/sq ft

gas constant, 53.4 ft-lb/(lb)(OR)

total temperature, ‘R

velocity, ft/seg

weight flow, lb/see

ratio of specific heats

Subscripts:

i

m

max

n

o

5

9

theoretical

measured

maximum

nozzle

nozzle discharge

turbine outlet

efiaust-nozzle inlet

.
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Nozzle preaeure-drop pEWMEter, 1.25pg - Po, lb/sQ ft

(a) Engine A; measured exhauat-nozzle area, 2.08 square feet.

Figure 3. - Jet-tluwst correlations for en@mes having fixed-area, convergent, wnical eXhRUt3t MZZIES.
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